The preparative conditions were optimized to get chalcogens layers on the polymer − polyamide PA surface by sorption at room temperature using sodium telluropentathionate, Na 2 TeS 4 O 6 . Further interaction of chalcogenized dielectric with copper's (I/II) salt solution leads to the formation of mixed Cu x S y -Cu x Te y layers. Optical, electrical and surface characteristics of the layers are highly controlled by the deposition parameters. The stoichiometry of these layers was established by UV-Visible and AA spectrometry. Optical absorption (transmittance) experiments show the samples are of high optical quality. The band gaps of thin films were obtained from their optical absorption spectra, which were found in the range of 1.44-2.97 eV. XRD was used in combination with AFM to characterize chalcogenides layers' structural features. XRD analysis confirmed the formation of mixed copper chalcogenides' layers in the surface of PA with binary phases such as Cu 
Introduction
Metal chalcogenides semi -conducting materials have found many applications in various devices such as solar cells, super ionic conductors, photo-detectors, photothermal conversion, electroconductive electrodes, microwave shielding coating, etc. [1] . The wide band gap (group I-II-VI) semiconductors are efficient emitters in the blue to UV spectral range and are likely candidates for optoelectronics, such as light emitting laser diodes [2] [3] .
However, for some opto-electronic applications it is important to be able to tune the emission wavelength which can be achieved through composition modulation. The mixed layers of copper chalcogenides CuS -CuTe should have more applications since its band gap can be tuned by means of the composition in between ∼ 1 eV (for Cu x S y ) and ∼ 2-3 eV (for Cu x Te y ) almost covering the entire UV-visible range [4] .
The interest in Cu x Te y has previously focused on their potential for thin film solar cells [5] [6] [7] , due to theirdirect band gap, good terrestrial stability and an extremely high optical absorption. Copper tellurides (Cu x Te y ) have different crystal structures depending upon the value x (1< x < 3) for example Cu 2 Te has an optical band gap ~ 1.1 eV [8] . They have characteristic feature of p-type semiconductor and also attract wide interest as electrode materials for solar cells.
Thin-film cells are quite attractive due to the fact that many of the proposed fabrication methods are inexpensive and lend themselves to mass production [9] . These cells can be made to be extremely lightweight and flexible, especially if produced on polymeric substrates.
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Formation and properties of copper chalcogenides thin films on polymers formed using sodium telluropentathionate
There is presently great interest in the development of low -cost and simple processing methods. Although a wide variety of techniques have been shown to produce high quality metal chalcogenides layers on various dielectrics [10] [11] [12] [13] [14] [15] [16] [17] , the technique requirements (high vacuum and thermal and/or cryogenic requirements) make them expensive and inhibit their scalability. Current methods for depositing ternary crystallite compounds often include high-temperature processes, which are followed by toxic sulfurization or selenization steps [4, 9, 18] . The high -temperature requirements make this process incompatible with all presently known polymer substrates. In addition, the use of toxic reagents is a limiting factor. Our novel alternative approach is the use of single source chalcogens precursors (SSPs), which are suitable for low-temperature deposition. We deal with chemical bath deposition [19] [20] [21] . Our synthetic approach follows the sorption process described previously [22] . This method deserves special attention because it has been shown to be inexpensive, low temperature and non -polluting. On the other hand, molecular reactants are precisely defined and can thus enable a much higher degree of synthetic control.
The crux of this method lies in the preparation of single source molecular precursor sodium telluropentathionate aqueous solutions as the source for S and Te. Polyamide as semi-hydrophilic polymer is capable to absorb ions of various electrolytes from aqueous solutions. PA is first treated with the solution of Na 2 TeS 4 O 6 in acidic medium to keep the telluropentathionate ion more stable. A mixed chain of three divalent chalcogen atoms -O 3 S-S-Te-S-SO 3 -of low oxidation state is present in this anion [23] . In such compounds S atoms in a polythionate are replaced by Se or Te, e.g. Na 2 Se(SSO 3 ) 2 and Na 2 Te(SSO 3 ) 2 . Fig. 1 provides the unit cell dimensions of the telluropentathionate ion: a = 5. 043 Å, b = 10.434 Å, c = 22.372 Å [24] . However, the telluropentathionate anion might have been changed in the reactions following the sorption process. In the second stage, the chalcogenized PA was treated with the water solution of Cu (II/I) salt: the interaction of copper ions with the sulfur and tellurium atoms at low oxidation state ions leads to the formation of mixed copper chalcogenides layers with various chemical and physical properties, phase composition and electrical conductance [19] [20] [21] [22] .
Experimental procedure
Sodium telluropentathionate solutions in hydrochloric acid were selected as chalcogen sources due to their ease of preparation and stability. The modification of PA by the formation of mixed copper chalcogenides layers on their surface was performed in two stages. In the first stage, the PA was treated in a solution of sodium telluropentathionate. In the second stage, the chalcogenized PA was treated with the aqeous solution of Cu(II/I) salt. The layers of copper chalcogenides were deposited on a PA (specification TY 6-05-1775-76) tape of 70 µm thickness. The samples of 15×70 mm in size were used. Before the chalcogenation they were boiled in distilled water for 2 hours to remove the remainder of the monomer. Then they were dried using filter paper and then over CaCl 2 for 24 hours. Distilled water, reagents of the grades "especially pure", "chemically pure" and "analytically pure" were used in the experiments. In aqueous solutions the free Cu + ion can exist only in exceedingly low concentrations, and, indeed, the only cuprous compounds which are stable to water are the highly insoluble ones. The equilibrium 2Cu I = Cu + Cu II can be displaced in either direction depending on the conditions. Thus with Me 2 S, Cu II reacts to give the Cu I compound; with complexing agents which have greater affinity for Cu II , the Cu II state is favoured. The presence of cations of the same element in different oxidation states and crystallographically equivalent positions leads to electronic semiconduction.
Precursor's preparation and chalcogenation

Formation of layers of chalcogenides
The amount of tellurium and copper in a PA sample was determined using an atomic absorption spectrometer "Perkin−Elmer 503" [22, 28] . The sulfur compounds in PA in the form of sulfates were determined turbidmetrically [29] .
Optical and electrical properties and surface characterization
UV spectra were recorded on a Spectrometry Genesis 8 UV/Visible spectrophotometer in the range of 190-800 nm. The XRD scans of layers were taken using graphite-monochromatized Cu-Kα (wavelength= 1.54178 Å) source under a voltage of 30 kV and a current of 30 mA in the 2θ range 30-70 o with a step size of 0.05 o by DRON 6 diffractometer. X-ray diffractograms of PA samples with layers of copper chalcogenides were treated using the programs "Search Match", "ConvX", "Xfit", "Dplot95" and "Photo Styler" to eliminate the maxima of PA [30, 31] .
Morphology of the surface of Cu-Te-S layers, including quantitative microscopic studies of roughness of obtained layers on the surface of PA, were performed by atomic force microscopy (QUESANT QScope-250, Quesant Corporation, USA), in contact regime with ultra resolution probes with force constant k = 0.2 N m -1 (Micromash Corp.) The data of measurements were analyzed by means of computer programs: Scan Atomic, SPIP (Scanning Probe Image Processor). Areas of 10×10 or 5×5 microns were investigated; standard microscope programme equipment of image maintenance as well as specialized SPIP package (Image Metrology Corp.) was applied for quantitative evaluation of the surface.
Sheet resistance measurements at constant current of Cu−Te-S thin layers were done by a 4-point probe technique. A geometric correction factor (CF) for the sample size, shape and probe spacing was used to convert the voltage/current ratio measured by the 4-point probe into sheet resistance.
Results and discussion
Kinetics of adsorption
The studies of sorption of telluropentathionate ions from 0.05-0.1 mol L -1 solutions of Na 2 TeS 4 O 6 in 0.2 mol L -1 HCl at 20 °C showed that the conditions of the chalcogenation of a polymer, e.g. the concentration of precursor's solution determine the amount of chalcogens and copper on the surface of PA and the composition of chalcogenide layer (Figs. 2a, 2b and 2c) . The equilibrium isotherms were determined by varying the initial precursor concentration in the range 0.05-0.1 mol L -1 and using a reaction time of 12 and 72 hours, which was found sufficient to reach equilibrium (Fig. 2) .
The Te and S content in PA strongly depends on the precursor concentration and exposure time. Increasing the precursor concentration from 0.05 to 0.1 mol L -1 results in Te content about 0.6-0.8 mmol cm -2 of PA (Fig. 2a, curves 1 and 2 ) and, respectively, the same of S about 1.0-1.4 mmol cm -2 (Fig. 2b , curves 1 and 2) after 12 hours of the chalcogenation. Also for both, Te and S, the chalcogen content increases with increasing exposure time: the concentration of tellurium and sulfur reaches its concentration of saturation , respectively, 0.8 -1.0 mmol cm -2 Te and 0.6 -1.4 mmol cm -2 S after 24 h of chalcogenation at 20°C.
Nevertheless, Te and, particularly, S content carry the variation, e.g., decreases almost two -fold, after the reaction with copper ions (Figs. 2a and 2b, curves 2 and 2) show that the adsorption of Cu increased as the concentration of telluropentathionate increased. Carrying out the exposure at 20°C for 24 hours in 0.05 and 0.1 mol L -1 precursor solution yields the Cu content in PA, respectively, 1.5 mmol cm -2 Cu and 2.5 mmol cm -2 Cu. Thus, adsorption of chalcogens on PA is not preferred compared with that of Cu (Fig. 2) .
Summarizing the results of PA modification at the second stage study, we may conclude that the amount of copper is dependent on the conditions of the first phase − on the initial concentration of precursor solution and the duration of treatment. The underlying chemical reactions and the sorbtion mechanisms in PA are rather complicated and not fully understood. More detailed explanation is presented in our earlier work [21] .
Optical properties and energy gap
Typical UV spectra of the chalcogen layers on the surface of PA are presented in Fig. 3 The absorption spectra maximum of tellurium containing layers was at λ = 250-255 nm (Fig. 3, curves 2 and 4) . The percentage transmission (90%) of tellurium layers on PA, was maximum at λ = 780-800 nm. The intensity of absorption spectra maximum with similar concentration of precursor solution increased with increasing of the exposure time. The increase in absorbance at maximum wavelength is a precursor concentration effect with the same exposure time.
After interaction of copper ions with chalcogenized polyamide a number of new peaks appear in the interval of 260-390 nm and change tendency was observed in comparison with that before the interaction with copper (Fig. 3, curves 3 and 5) .
A number of new obvious absorption peaks in the interval of 400-500 nm appeared on the surface of PA chalcogenized in the solutions of 0.05-0.1 mol L -1 telluropentathionate in 0.2 mol L -1 HCl and treated in Cu 2+ /Cu + solution with an increase of the concentration of precursor solution, e.g., with an increase of the concentration of chalcogen on the surface of PA. All these peaks are higher than relevant peaks of PA before the interaction with copper indicating they are copper chalcogenides species. The thickness of the chalcogen layer and chalcogenide layer grows with the concentration of the solution of precursor; however, thickness grows at the expense of transparency.
Considering the advantages laid down by the mixed binary layers of copper chalcogenides, we focus our work also to investigate the tunable band gap properties of these layers on PA.
The optical band gap studies have been carried out by taking optical absorbance spectra of the mixed CuS-CuTe layers in the photoenergy range 1.55-4.13 eV (the wavelength region of 190-800 nm) (Fig. 3) . It was observed that the absorption edge of the layers varies with the composition, and the layers have high absorbance (>10 5 cm −1 ). Two types of optical transitions are commonly observed for semiconductors: direct gaps and indirect gaps. Near the absorption edge, the absorption coefficient α can be expressed as α~ (hν-E g ) β , where E g is the optical band gap, h is Planck's constant, ν is the frequency of the light incident onto the semiconductor, and β is the coefficient for optical transitions. The absorption coefficient is obtained from Beer's law. For optically allowed, direct gap transitions, β = ½, whereas for indirect, optically forbidden transitions, β = 2.
The optical band gap of the mixed CuS-CuTe layers due to band-band transition is determined using the , where E g is the optical band gap and n=2, ½, 2/3 respectively for allowed direct, allowed indirect and forbidden direct transitions and A is a constant. We have chosen n = 2 which gives a good linear fit for the plots of (αhν ) 2 vs. hν for the mixed copper chalcogenides layers. The wavelength region for the plot was selected based on the region of significant absorption in the absorbance spectra. The values of band gap obtained for the different composition of layers are in the range 1.44 eV and 2.97 eV (Table 1) .
XRD measurements and the crystallite size
X−ray diffraction patterns show the presence of many sharp and resolved lines, which confirm its crystalline behavior, and the increase of the intensity of the peaks with the increase of the concentration of the precursor solution and exposure time (Fig. 4) .
All XRD patterns reveal polycrystalline nature of the layers. The four phases of copper tellurides, tetragonal Cu 3.18 Te 2 (43-1402), (maxima at 2θ = 47.6º), tetragonal Cu 2.72 Te 2 (43-1401), (maxima at 2θ = 37.2º), hexagonal Cu 2 Te (40-1325), (maxima at 2θ = 63.5 and 66.4º), and orthorhombic vulcanite, CuTe (13-258), (maxima at 2θ = 41.5 and 58.3º) and the three phases of copper sulfides such as orthorhombic anilite, Cu 7 S 4 (72-617), (maxima at 2θ = 40.92, 55.94 and 62.80º), monoclinic djurleite, Cu 1.9375 S (71-1383) , (maxima at 2θ = 38.3 and 61.1º) and orthorhombic digenite, Cu 1.8 S (75-2241) , (maxima at 2θ = 59.85º) were found in the chalcogenides layers on the PA surface (Fig. 3, curves 1-3) .
The crystallite size and dislocation density were calculated from high intense diffraction peak (Table 2) .
Average grain size of polycrystalline Cu x S y −Cu x Te y layers was evaluated using the line broadening analysis of the diffraction patterns in Fig. 4 . If the grains have a linear dimension L, then the full -width at half -maximum (FWHM) in 2θ expressed in radians, of the diffraction line is estimated by well -known Scherer formula [32] :
The size broadening was evaluated using the Scherer equation
where A is the thickness of the coherently diffracting domain and K is a dimensionless crystal shape constant close to unity (Scherer constant). Table 2 The size of grains for some crystallites was also calculated more exactly by the Williamson -Hall plot [33] in which β cosθ vs. sinθ is plotted, β being the FWHM of the diffraction peak at 2θ. The inverse of the intercept of the line on β cosθ axis gives the ratio of the crystalline grain diameter (D) to wavelength (1.54178 Å). Microstrain broadening and particle size effects based on the Williamson -Hall plot were obtained by combining the Scherer' equation with the equation of microstrain broadening: 
where FWHM corr is FWHM corrected for instrumental resolution, A is the y intercept and ε (microstrain due to a local variation ∆d/d of the average d spacing) found from the slope.
The dislocation density δ has been determined using Williamson and Smallman's formula [34]:
Grain size for Cu x S y chalcogenides, namely, orthorhombic copper sulfide, Cu 1.8 S is ∼ 13.53 nm, monoclinic djurleite Cu 1.9375 S is ∼ 3.07 -3.69 nm and orthorhombic anilite Cu 7 S 4 ∼ 6.20 -10.26 nm ( 
AFM measurements
Based on our AFM measurements, in dependence of the exposure in the precursor solution, layers of chalcogenides with thickness of 180 -560 nm might be formed. AFM images of the surface layers appear to be relatively rough with an rms roughness in the range of about 50 -180 nm (Fig. 5) . The islands observed were due to surface roughness. Note that islands distribution is much uniform for AFM images of the surface of the as -grown Cu x S y layer and the surface of the subsequently grown Cu x Te y layer appears to be relatively different in its roughness: the lower, sulfidic, layer is relatively smooth with an rms roughness in the range of 50 to 100 nm, the Cu x Te y surface is very rough in comparison, having an rms roughness of about 180 nm, believed to be due to the very high growth rate. The CuTe and CuS interface appears graded with substantial interdiffusion between the layers.
Electrical resistance
A detailed study of the conductivity of PA modified with Cu x S y -Cu x Te y layers was complicated, therefore measured the electrical resistance of the chalcogenide surface outer layer only.
The results presented (Table 3) show that under the conditions of our experiments it is possible to form the layers of chalcogenides with electrical resistance varying from 10 3 kΩ□ -1 to even few tenth of kΩ□ -1 . The resistance of the surface of PA exposed to Na 2 TeS 4 O 6 from 1.19×10 3 -3.14×10 3 kΩ□ -1 to 0.6 -1.30 kΩ□ -1 as the content of Te increases from 0.15 to 0.6 -0.8 µmol cm -2 . Electrical resistance of the layers are dependent on the composition of the layers. Direct dependence of the resistance of the chalcogenide layer on the amount of copper in the layer is observed not in all cases, since copper chalcogenides of various stoichiometry and in different amounts may be formed. The decrease of electrical resistance of these layers may be explained not only by the increase of copper chalcogenide phases concentration, but also with its qualitative changes. The modulation of the treatment methods using sodium telluropentathionate as a precursor enables us to form copper sulfides -tellurides layers with different band gap energy and grain size which influence the properties of the layers.
